Long-term assessment of NO3-N leaching losses to subsurface drainage "tile" water from different tillage systems and N application rates can help mitigate the environmental concerns of production agriculture. A three-phase field study was conducted to investigate the impact of two tillage systems (chisel vs. no-till) and different N application management systems on flow-weighted NO3-N concentrations and leaching losses to tile water. The study was conducted at Iowa State University's Northeastern Research Center, near Nashua, Iowa, from 1990Iowa, from to 1992Iowa, from , 1993Iowa, from to 1998Iowa, from , and 2001Iowa, from to 2005. N application rates of 202 and 168 kg-N ha-1 during the first and third phases and low N rates of 135 and 110 kg-N ha-1 during the second phase were applied to continuous corn (CC) and rotated corn (CS), respectively, for both tillage systems. Rotated corn plots had significantly (p = 0.05) higher corn grain yields and lower NO3-N leaching losses than CC plots for both tillage systems. On the average, higher flow-weighted NO3-N concentrations were observed during the first phase (20.7 mg L-1), followed by the third phase (18.7 mg L-1) and the second phase (10.5 mg L-1) due to higher N application rates. Chisel plowing increased corn grain yields and resulted in almost equivalent NO3-N leaching losses to tile water compared with the no-till system. Effects of a wet year after dry years and low plant N uptake in some years elevated NO3-N concentrations to as high as 32.8 mg L-1 in 1990, 12.5 mg L-1 in 1995, and 24.5 mg L-1 in 2004. Fall-applied manure and chisel plowing had significantly higher NO3-N concentrations of 27 mg L-1 compared with 17.7 mg L-1 from no-till and spring-applied manure. These results suggest that low N application rates applied during the second phase with chisel plowing can be a viable option. Proper N credit, however, needs to be assessed for N pool buildup after dry years as a result of mineralization processes to minimize the offsite transport of NO3-N leaching losses to tile water. Nashua, Iowa, from 1990 to 1992 
development of a hypoxic zone in the Gulf of Mexico. Alexander et al. (1995) estimated that drainage from the upper and central Mississippi basins (Minnesota, Wisconsin, Iowa, Missouri, and Illinois) accounted for 39% of the N delivered to the Gulf of Mexico. In this context, monitoring and evaluation of subsurface drainage systems under different cropping systems is important to understand and reduce the offsite transport of NO 3 -N leaching losses to subsurface drainage water.
Tillage systems have been reported to affect the hydrologic cycle, N use efficiency, and leaching of NO 3 -N to subsurface drainage water (Kanwar et al., 1997; Power et al., 2001; Randall and Iragavarapu, 1995) . Crop residue left under a notill system affects evaporation, runoff, infiltration rates, and tile flow through preferential flow paths such as cracks and worm holes (Gupta et al., 2004) . Similarly, a conventional tillage system such as chisel plow incorporates crop residue, disturbs the soil structure, and may impede water movements through the soil profile compared with no-till. The chisel plow system has also been reported to increase oxidation and N mineralization processes in the soil profile (Dinnes et al., 2002; Power et al., 2001) . Tillage effects on NO 3 -N leaching losses for soils underlain by subsurface drainage systems become more complex when combined with corn-soybean rotation and organic or inorganic fertilizer applications.
In Iowa, Kanwar et al. (1993) monitored NO 3 -N leaching losses beneath continuous corn and corn-soybean rotations using moldboard (MB) plow, chisel, and ridge tillage and notill practices. Averaged across three years, NO 3 -N concentrations in drainage water from continuous corn plots with MB M plow were 13.6 and 14 mg L -1 greater than with no-till and ridge tillage treatments, respectively. They also reported similar reductions of average NO 3 -N concentrations in tile flows from corn-soybean rotation plots. Kanwar et al. (1997) concluded that with the N fertilizer, tillage, and tile drainage normally used in Iowa, continuous corn was not an environmentally friendly farming practice. Similarly, Katupitiya et al. (1997) observed greater nitrate leaching losses for continuous corn than for corn-soybean rotation with disk plant systems. Bakhsh et al. (2002) reported that NO 3 -N leaching losses from chisel plowing were 16% lower in comparison with no-till plots, while corn grain yield was 11% higher in the chisel plow plots. Randall and Iragavarapu (1995) reported in a long-term study that conventional tillage had a positive impact on corn grain yield and N removal compared with no-till, but tillage had minimal impact on NO 3 -N losses to subsurface drainage water.
Corn-soybean rotation can also influence leaching of NO 3 -N because this system has an impact on the input and output of N from the root zone (Bakhsh et al., 2002) . The variable C/N ratio of plant residue from corn and soybean can affect N mineralization and immobilization processes. When plant residues with C/N ratios greater than 20:1 are added to the soil, available N is immobilized during the first few weeks of decomposition (Doran and Smith, 1991; Sinha et al., 1977) . observed that incorporation of corn stover into soil resulted in rapid immobilization of all available inorganic N during the decomposition period. The low C/N ratio of soybean residue affects the rates of N mineralization and immobilization differently than that of corn residue (Bakhsh et al., 2002; Katupitiya et al. 1997) . Similarly, manure application to the soil may have different effects on N cycling processes because of slow release of N and addition of organic matter to the soil (Gupta et al., 2004; Thoma et al., 2005) . reported that freshly excreted manure has nitrogen in the organic form that is converted to ammonium-nitrogen (NH 4 -N) after application to the soil or during storage. Soil microbes convert ammonium to NO 3 -N, which is highly soluble and mobile with water in the soil (Baker et al., 2005) . In wet permeable soils, NO 3 -N may contaminate shallow groundwater through leaching or may be lost as nitrogen gas due to denitrification in non-permeable soils. These N transformation processes are influenced by soil environmental and management variables, which determine the potential for contamination, especially for soils underlain by subsurface drainage systems.
In addition to management practices, wet and dry weather cycles affect plant N uptake, NO 3 -N accumulation in the root zone, and leaching from the soil profile (Randall and Mulla, 2001) . These temporal variability effects due to varying climatic conditions become more complicated when combined with spatial variability effects of land and topography of the area. Bakhsh and Kanwar (2004) reported that management practices based on spatial zones of landscape and topographic attributes may help reduce NO 3 -N leaching losses to subsurface drainage water. Therefore, changing climatic conditions necessitate studying the effects of management on a long-term basis to understand and mitigate NO 3 -N leaching losses to subsurface drainage water.
The objectives of this research were to evaluate the effects of tillage, crop rotation, and N management on NO 3 -N leaching losses to tile water and on grain yields in a three-phase, long-term study (1990 through 2005) . In the first phase (1990 to 1992), tillage and crop rotation effects were studied. In the second phase (1993 to 1998), tillage, N management, and rotation effects were studied. The experiments conducted in the third phase (2001 to 2005) were on N management practices, with the major focus on the effects of manure applications beneath corn-soybean rotation on NO 3 -N leaching losses to tile water. The specific objectives, however, were to investigate the long-term effects of tillage (chisel vs. no-till), rotation effects (continuous corn vs. rotated corn), and N application rates on subsurface drainage flows, NO 3 -N concentrations, and leaching losses to subsurface drainage water and corn-soybean grain yields during three phases of crop production, which were 1990 to 1992, 1993 to 1998, and 2001 to 2005 .
MATERIALS AND METHODS

STUDY AREA
Field experiments were conducted at Iowa State University's Northeastern Research Center near Nashua, Iowa. The soils at the site are Floyd loam (fine-loamy, mixed, mesic Aquic Hapludolls), Kenyon loam (fine-loamy, mixed, mesic Typic Hapludolls), and Readlyn loam (fine-loamy, mixed, mesic Aquic Hapludolls) (Kanwar et al., 1997) . These soils have 3% to 4% organic matter and belong to the KenyonClyde-Floyd soil association. They are moderately well to poorly drained and lie over loamy glacial till. These soils have a seasonally high water table and benefit from improved subsurface drainage system.
The Nashua water quality research site has thirty-six 0.4Ăha plots (58.5 × 67 m in size each) with fully documented tillage and cropping records for the past 25 years since 1979 (Bjorneberg et al., 1996) . The subsurface drainage system was installed in 1979, but monitoring equipment was not installed until 1988. No tile flow was observed during 1988 and 1989 because of dry conditions. Therefore, field data from 1990 through 2005 on tile flow, NO 3 -N concentrations and leaching losses, and corn-soybean grain yields were available for analysis. Field experiments were conducted in three phases (1990 to 1992, 1993 to 1998, and 2001 to 2005) using a randomized complete block design with three replications. The years 1999 and 2000 were excluded from this analysis because of a transition period for eliminating the continuous corn treatments, reducing no-till plots, and implementing more manure treatments at the site.
EXPERIMENTAL TREATMENTS FROM 1990 TO 2005
In the first phase of the study from 1990 to 1992, two tillage systems (chisel vs. no-till) and three crop rotations (continuous corn, corn after soybean, and soybean after corn) were arranged to evaluate the effects on tile flow, NO 3 -N concentrations in drainage water, NO 3 -N leaching losses in drainage water, and grain yields. Anhydrous ammonia was preplant knife-injected into the soil at a rate of 202 and 168Ăkg-N ha -1 in the spring for continuous corn and cornsoybean rotation treatments, respectively, for both tillage systems. Plots were chisel plowed in the fall after harvest and field cultivated in the spring. Both tillage systems received either one or two cultivations during the growing season for weed control. Corn variety Golden Harvest H2343 and soybean variety Sands of Iowa 237 were grown from 1990 to 1992 (Kanwar et al., 1997) .
In the second phase from 1993 to 1998, the major focus was on an N management system, tillage system (no-till and chisel plow), and crop rotation (continuous corn, corn after soybean, soybean after corn). Continuous corn under no-till was eliminated. Continuous corn treatment with chisel plow received 135 kg-N ha -1 of urea ammonium nitrate (UAN) in the spring before planting. Similarly, corn after soybean plots with both chisel plow and no-till received UAN at 110 kg-N ha -1 before planting corn. The single preplant spring application of UAN was made using a spoke injector, which injects at 200 mm intervals and 250 mm from corn rows (Baker et al., 1989) . Corn was planted in rows spaced 750 mm apart into a seedbed prepared by fall chiseling and field cultivating in spring. Soybeans were drilled and no-till seeded in 200 mm rows into corn stover from the previous year without any additional fertilizer application. The same varieties of corn (Golden Harvest 2343) and soybeans (Sands of Iowa 237) were planted during the six-year experiment (Bakhsh et al., 2000) .
In the third phase of the study from 2001 to 2005, continuous corn treatments were eliminated and manure treatments were included in the corn-soybean rotation. This resulted in six treatments with the corn-soybean rotation system. Two of six treatments with chisel plow received spoke-injected UAN at 168 kg N ha -1 in the spring before planting during the corn phase of production. Liquid swine manure was obtained from a growing-finishing building. The application of manure to achieve the required N application rate of 168 kg-N ha -1 was difficult due to non-uniform quality of the manure, which resulted in variable volatilization rates. The other problems associated with manure application at the site have been discussed by Karlen et al. (2004) . Liquid swine manure was injected in the fall for plots with chisel plow and in the spring for plots with no-till. Spring manure application to no-till plots was preferred over fall application to minimize nutrient losses. Corn plots with chisel plow and no-till received N application at an average rate of 178 and 177 kg-N ha -1 , respectively. Fertilizer application rates are summarized in table 1. Corn was planted in rows spaced 750 mm apart after preparing the seedbed with a field cultivator. Soybeans were drilled in 200 mm rows directly into corn stover from the previous year. Corn variety NK 45-T5 (Monsanto Corp., St. Louis, Mo.) at a rate of 80,160 seeds per ha -1 and soybean variety Asgrow 2105 or Kruger 2525 at a rate of 494, 000 seeds ha -1 were planted from 2001 to 2005. Primary tillage was performed using chisel plow in the fall after corn harvest. Secondary tillage was field cultivation before planting and during plant growth to control weeds. Weeds were controlled satisfactorily with herbicides and field cultivation. Corn and soybean grain yields were collected from each plot, tested for moisture content, and adjusted to a constant water content of 155 g kg -1 (15.5%) for corn and 130 g kg -1 (13%) for soybeans. Grain yield for each plot was measured using a commercial combine with all stover left in the field .
SUBSURFACE DRAINAGE SYSTEM AND SAMPLING PROCEDURE
Each plot at the site is drained separately and has subsurface drainage lines installed in the center of the plot at a depth of 1.2 m below the ground surface with a drain spacing of 28.5 m. Cross-contamination of each plot was avoided by installing subsurface drainage lines on the northern and southern borders of the plot and isolating the eastern and western borders with berms (Kanwar et al., 1999) . The central subsurface drainage lines are intercepted at the end of the plots and are connected to individual sumps for measuring drainage effluents and collecting water samples for chemical analysis. The sumps are equipped with a 110 V effluent pump, water flowmeter, and an orifice tube to collect water samples. Data loggers, connected to the water flowmeters, record subsurface drainage flow continuously as a function of time. Composite water samples were collected for NO 3 -N analysis using an orifice tube located on the discharge pipe of the sump pump. Approximately 0.2% of the water pumped from the sump flowed through a 5 mm diameter polyethylene tube to a water sampling bottle located in the collection sump each time the pump operated. Cumulative subsurface drain flows were recorded, and sampling bottles were removed two times per week from mid-March to the beginning of December during the study period. A more detailed description of the automated subsurface drainage system installed at the site can be found in Kanwar et al. (1999) . The water samples collected for NO 3 -N analysis were analyzed spectrophotometrically using an ion analyzer (model AE, Lachat Instruments, Milwaukee, Wisc.). The NO 3 -N loss with subsurface drainage water in kg-N ha -1 was calculated by multiplying the NO 3 -N concentrations in mg L -1 with the drainage effluent in mm and dividing it by 100 (conversion factor) for each interval of sampling, i.e., two times per week. The cumulative NO 3 -N loss and drainage effluent for the entire monitoring season were used to calculate the flow-weighted NO 3 -N concentrations for each year (Bjorneberg et al., 1998) .
STATISTICAL ANALYSIS
Subsurface drainage flow, NO 3 -N leaching loss and flowweighted NO 3 -N concentrations, and corn and soybean grain yields were analyzed using PROC GLM (SAS, 2003) . Sepa- Month 1990 Month 1991 Month 1992 Month 1993 Month 1994 Month 1995 Month 1996 Month 1997 Month 1998 Month 1999 Month 2000 Month 2001 Month 2002 Month 2003 Month 2004 Normal (1951 Normal ( -1984 average monthly rainfall data were recorded at Charles City, Iowa, 20 km from the study area. rate analysis of variance (ANOVA) tables were reported for corn and soybean yields. Means were separated using a least significant difference test at p = 0.05 (LSD 0.05 ) and were used to study treatment effects on water quality and crop yields as a randomized complete block design.
RESULTS AND DISCUSSION TILE FLOW AND NO 3 -N LEACHING LOSSES FROM 1990-1992
The amount and distribution of precipitation during the growing season (March through November) had a major impact on subsurface drainage tile volume and NO 3 -N leaching losses to tile water. The years 1990 and 1991 were wet, with growing season rainfall amounts of 1048 and 967Ămm, respectively, compared with the 30-year average growing seasonal rainfall of 771 mm (table 2) for the study area (Voy, 1995) . Rainfall of 752 mm in 1992 was less than normal. Although 1990 had more rainfall than 1991 and 1992, a higher tile flow volume of 261 mm was observed in 1991, compared with 189 mm for 1990 and 113 mm for 1992 (table 3 ). The year 1990 had heavy rainfall of 340 mm in the month of July, which was 227% more than the normal monthly rate. But this amount of rainfall occurred during a period of higher evapotranspiration requirement and did not contribute much towards tile flow. The year 1991, however, had more rainfall in the spring (April and May), when crops were not growing actively and crop water requirements were low. This shows that not only the amount of rainfall but its temporal distribution during the growing season had a pronounced effect on tile flow volume.
Treatment effects on tile flow volume were mostly nonsignificant for 1990, except rotation effects with no-till. Notill continuous corn (CC), however, had a maximum tile flow volume of 274 mm, which was significantly (p = 0.05) greater than those from no-till rotated corn (158 mm) and rotated soybean (157 mm) with chisel plow tillage (table 3) . Continuous corn with no-till had significantly (p = 0.05) greater tile flow volumes than those from rotated corn with no-till from 1990 to 1992. When averaged across years (1990) (1991) (1992) , tillage effects on tile flow volume were not significant. Although no-till CC plots gave 35% higher tile flow volume than CC plots with chisel plow (263 vs. 195Ămm), the difference was not statistically significant (p = 0.05). Rotation effects with a no-till system were significant. However, a no-till rotation had less tile flow volume for rotated corn plots than that of CC plots (132 vs. 263 mm). This shows that this difference cannot only be associated with crop but it may also be due to spatial variability effects, which might have resulted in higher tile flow volume for CC plots. No-till plots can have a higher tile flow volume because of the development of macropores and preferential flow paths in the soil profile and less evaporation due to crop residue left on the soil surface (Kanwar et al., 1997; .
No-till continuous corn increased leaching loss by 50% to 75% when compared to no-till corn-soybean rotation from 1990 to 1992 (table 4) . Similarly, rotation effects for a chisel plow system were also significant. Chisel plow with CC plots had twofold higher NO 3 -N leaching losses than those from rotated corn and soybean plots. Tillage effects on NO 3 -N leaching losses to tile flow with CC plots were not significant and similar for all years except the corn-soybean rotation in 1992. Overall, CC plots had almost twofold higher NO 3 -N leaching losses compared with rotated corn and soybean under both tillage systems because of receiving N applications each year and a higher N application rate. This difference was more pronounced for the no-till system due to higher tile flow rates.
Flow-weighted NO 3 -N concentrations (FWNC) are considered to be a better indicator of the contamination level in the event that tile flow water enters water bodies (Jaynes et al., 1999) . Tillage and crop rotation effects on FWNC were highly significant (p = 0.01) for all three years. On the average, chisel plow with CC had significantly higher NO 3 -N concentrations of 32.6 mg L -1 than CC plots with a no-till system (23 mg L -1 ) and were higher compared with rotated corn plots with the same tillage (table 5). Rotation effects were also significant for plots with no-till. No-till with CC plots had significantly higher NO 3 -N concentrations (23Ăvs. 16 mg L -1 ) than rotated corn and soybean plots with the same tillage system. Low NO 3 -N concentrations with notill compared with a chisel plow system can be attributed to enhanced mineralization effects with chisel plow and denitrification process with no-till (Thoma et al., 2005; Gupta et al., 2004) . Flow-weighted NO 3 -N concentrations are the integrated outcome of the complex interaction between the precipitation patterns of dry and wet years. The year 1990 had the highest average NO 3 -N concentrations (32.8 mg L -1 ) due to the dry years 1988 and 1989. The mineralized N was accumulated in the soil profile during these dry years and was flushed during heavy rainfall in 1990, which elevated the NO 3 -N concentration in 1990.
The accumulated mineralized N in the preceding years and more rainfall in July 1990 resulted in maximum average corn grain yields of 10.75 Mg ha -1 for 1990. A minimum average corn grain yield of 8.72 Mg ha -1 was observed in 1991 after the wet year 1990 (table 6) . Based on data averaged over three years (1990) (1991) (1992) , chisel plowing had significantly higher corn grain yields than the no-till system with continuous corn plots (9.69 vs. 8.46 Mg ha -1 ). Rotated corn plots had significantly higher corn grain yields than CC plots with chisel plow (10.45 vs. 9.69 Mg ha -1 ) and no-till plots (10.08 vs. 8.46 Mg ha -1 ). The higher corn grain yields with chisel plowing vs. no-till can be attributed to better N [a] Values in the same column followed by different letters are significantly different at p = 0.05. [b] CC = continuous corn, C = corn, and S = soybean. availability because of the higher mineralization effects associated with this tillage system (Levanon et al., 1993) .
On the average, about 31% of the applied fertilizer was leached to tile flow with CC plots under both tillage systems, while only 21% and 14% was leached under corn-soybean rotation using chisel plow and no-till, respectively. Similar amounts of N were leached to tile flow from rotated soybean plots for both tillage systems, although no N fertilizer was applied to the soybeans. This shows that soybean may not utilize much of the N left by the previous crop, and there were greater flow-weighted NO 3 -N concentrations with chisel plow soybean than with no-till. This suggests that no-till soybean in rotation would reduce NO 3 -N leaching loss more than chisel plow soybean. Jaynes et al. (1999) reported NO 3 -N drainage losses of 10% to 50% of the applied N and cautioned that care must be taken in interpreting the nitrate drainage loss in terms of the applied fertilizer because it is not the only source contributing to the loss. Overall, less NO 3 -N leaching loss with no-till can also be associated with macropore flow while bypassing the soil matrix (Kanwar et al., 1997) .
EFFECTS OF TILLAGE, N MANAGEMENT, AND CROP ROTATION FROM 1993-1998
Growing season rainfall affected average tile flow volume, which ranged from a minimum of 70 mm in 1996 to 418 mm in 1993 (table 7) . Average minimum and maximum volumes of tile flow corresponded with the minimum and maximum growing season rainfall amounts, respectively (table 2). This shows the effect of rainfall and the resulting tile flow volumes. Rainfall was above normal in 1993, 1995, and 1998 and below normal in 1994, 1996, and 1997. No-till treatments had about 92% higher tile flow volumes compared with those from chisel plow systems from 1993 to 1998. In 1993, rotated soybean treatments with no-till had significantly higher tile flow volume (572 vs. 283 mm) than rotated soybean treatments with chisel plow (table 7) . It is interesting to note that the plots with no-till always had the highest tile flow volume among all treatments in all years whether they were planted to corn or soybeans. Averaged across years (1993) (1994) (1995) (1996) (1997) (1998) , no-till treatments with soybeans had a twofold higher tile flow volume (252 vs. 122 mm) than soybean with chisel plow tillage. Rotation effects on tile flow were not significant for both tillage systems. No-till resulted in almost twofold (120 mm) higher tile flow than chisel plow [a] Values in the same column followed by different letters are significantly different at p = 0.05.
[b] CC = continuous corn, C = corn, and S = soybean. [a] Values in the same column followed by different letters are significantly different at p = 0.05.
[b] CC = continuous corn, C = corn, and S = soybean. Table 9 . Effects of tillage and cropping systems on NO 3 flow-weighted NO 3 -N concentrations in subsurface drainage water from 1993 to 1998. [a] Tillage System Cropping System [b] 1993 Values in the same column followed by different letters are significantly different at p = 0.05.
[b] CC = continuous corn, C = corn, and S = soybean.
system because of increased macropore flow processes, less evaporation, and greater infiltration due to crop residue left with this system (Bakhsh et al., 2000; Kanwar et al., 1997; Randall and Iragavarapu, 1995) . The average NO 3 -N leaching loss to tile flow ranged from 6.6 kg-N ha -1 in 1994 to 38.9 kg-N ha -1 in 1993 (table 8) , which shows the effect of rainfall as well as low plant N uptake in 1994. Overall treatment effects on NO 3 -N leaching loss to tile flow were significant (p = 0.05) only for 1996. This can be associated with the minimum rainfall in 1996 and with the previous year effect of low crop N uptake due to hail damage in 1995. Continuous corn plots with chisel plow had higher NO 3 -N leaching loss in 1993 only, which may be due to higher N application rates in the years prior to 1993 and the higher relative N application rates compared to the cornsoybean rotation. Rotated no-till corn plots had the highest NO 3 -N leaching loss during all years compared with all other treatments, which may be due to higher tile flow volumes.
Averaged across six years (1993) (1994) (1995) (1996) (1997) (1998) , rotated corn plots with no-till had significantly higher NO 3 -N leaching loss (25.7 vs. 13.7 kg-N ha -1 ) than rotated corn plots with chisel plow (table 8) . This can be associated with higher tile flow rates and lower plant N uptake from these plots. Growing season rainfall and hail damage in 1995 elevated flowweighted NO 3 -N concentrations to the highest level of 12.5Ămg L -1 (table 9) with decrease in yield. No-till resulted in lower flow-weighted NO 3 -N concentrations than chisel plow due to dilution and possible denitrification. Bakhsh et al. (2000) reported that higher NO 3 -N leaching loss with notill can be due to higher tile flows, decomposition and mineralization of soybean residue grown in the preceding year, and low crop N uptake compared with chisel plow. CC plots with chisel plow had slightly higher NO 3 -N leaching loss than rotated corn plots (16.9 vs. 13.7 kg-N ha -1 ) because of low average corn grain yield of 6.37 Mg ha -1 for CC plots (table 10) .
Rotated corn treatments with chisel plow had the highest corn grain yield of 7.89 Mg ha -1 , followed by rotated corn plots with no-till (6.97 Mg ha -1 ) and CC treatments with chisel plow (6.37 Mg ha -1 ). Low corn grain yield also of tillage and cropping systems on corn-soybean yields from 1993 to 1998. [a] Tillage System Cropping System [b] 1993 [a] Values in the same column followed by different letters are significantly different at p = 0.05.
[b] C = corn, S = soybean, FM = fall manure applied to corn only, SM = spring manure applied to corn only, and UAN = urea ammonium nitrate solution fertilizer applied to corn only.
contributed in the increased NO 3 -N leaching loss for the corresponding treatments because of low crop N uptake. On the average, about 13% of the applied N fertilizer was leached to tile water from CC plots with chisel plow. Similarly, rotated corn treatments with chisel and no-till systems leached an average amount of 12% and 23% of the applied N fertilizer to tile water, respectively. This difference can be associated with higher tile flows, low corn grain yields, and low N uptake with no-till (Bakhsh et al., 2000; Kanwar et al., 1997; Randall and Iragavarapu, 1995) . On the average (2001) (2002) (2003) (2004) (2005) , no-till soybean treatments with manure application had 79 mm higher tile flow volume than soybean with chisel plow and UAN applications. Soybean treatments with manure and chisel plow gave about twofold higher tile flow volume (108 vs. 49 mm) than soybean with UAN and chisel plow systems. The manure application increased tile flow volume, probably because of the increased hydraulic conductivity and better water retention effects.
Treatment effects on NO 3 -N leaching losses to tile flow were mostly non-significant except in 2004 due to abovenormal rainfall in that year. Average NO 3 -N leaching loss to tile flow varied from 3.6 kg-N ha -1 in 2002 to 27.1 kg-N ha -1 in 2004 (table 12) due to varying rainfall patterns during these years. Soybean treatments with manure application to corn in the previous year and chisel plowing had the highest NO 3 -N leaching loss of 28.3 kg-N ha -1 in 2001. On the average (2001) (2002) (2003) (2004) (2005) , corn treatments with fall manure application and chisel plow had 82% higher NO 3 -N leaching loss (20.6Ăvs. 11.3 kg-N ha -1 ) than UAN application with chisel plow and 23% higher (20.6 vs. 16.7 kg-N ha -1 ) than spring manure treated with no-till. No-till with manure application resulted in similar NO 3 -N leaching losses for both the corn and soybean phase of production (16.7 vs. 16.4 kg-N ha -1 ). This effect shows slow release of N from manure-treated plots and N 2 fixation by soybean, which had equivalent NO 3 -N leaching loss despite not receiving any N fertilizer. A similar response was observed for manure-treated plots with chisel plow, which also had similar NO 3 -N leaching loss for corn and soybean rotation plots (20.6 vs. 17.1 kg-N ha -1 ), respectively. The highest NO 3 -N leaching loss of 20.6 kg-N ha -1 with fall manure and chisel plow can be associated with more time available for mineralization processes for this system (Gupta et al., 2004; . [a] Values in the same column followed by different letters are significantly different at p = 0.05.
[b] C = corn, S = soybean, FM = fall manure applied to corn only, SM = spring manure applied to corn only, and UAN = urea ammonium nitrate solution fertilizer applied to corn only. [a] Values in the same column followed by different letters are significantly different at p = 0.05.
[b] C = corn, S = soybean, FM = fall manure applied to corn only, SM = spring manure applied to corn only, and UAN = urea ammonium nitrate solution fertilizer applied to corn only. (2001) (2002) (2003) (2004) (2005) , corn treatments with manure in the fall had significantly higher flow-weighted NO 3 -N concentrations (27 mg L -1 ) than corn plots with UAN application and chisel plow (20.1 mg L -1 ) and with spring manure applied to no-till plots (17.7 mg L -1 ). Higher flowweighted NO 3 -N concentrations with chisel plow and manure-treated plots show the possible enhanced mineralization effects with chisel plow, the dilution effects with no-till, and the differences in corn grain yields due to varied crop N uptake. Corn treatments with fall manure application and chisel plow had slightly higher corn grain yields (11.55 Mg ha -1 ) compared with plots receiving UAN with chisel plow (11.37 Mg ha -1 ) and spring manure with notill (11.23 Mg ha -1 ) (table 14). The amount of N leached to tile water (for both corn-soybean plots) in percent of applied fertilizer was 13% from UAN with chisel plow , 21% from fall-applied manure with chisel plow, and 19% from springapplied manure with no-till. Randall and Iragavarapu (1995) reported similar results; about 20% of the applied N was lost to tile water based on their 11-year study in Minnesota.
CONCLUSIONS
This long-term field study compared the effects of two tillage systems (chisel vs. no-till) , and N application rates of 202 and 168 kg-N ha -1 to continuous corn and rotated corn, respectively, for the 1990-1992 phase; 135 and 110 kg-N ha -1 to continuous corn and rotated corn, respectively, for the 1993-1998 phase; and 168 kg-N ha -1 to rotated corn for the 2001 to 2005 phases. The study derived the following conclusions:
S Growing season precipitation patterns and the cycles of wet and dry years affected tile flow, flow-weighted NO 3 -N concentrations, NO 3 -N leaching losses to tile water, and plant N uptake processes significantly (p = 0.05). S On the average, chisel plowing had higher NO 3 -N leaching losses of about 8 kg-N ha -1 than the no-till system during the 1990-1992 phase due to effects of higher N application rates. But no-till had significantly higher NO 3 -N leaching loss of 9 kg-N ha -1 than chisel plowing beneath corn-soybean rotation during the 1993 to 1998 phase due to less N application. Chisel plow with continuous corn showed higher grain yield than no-till for the 1990-1992 phase (9.69 vs. 8.46ĂMg ha -1 ) and increased yield with rotated corn for the 1993-1998 phase (7.89 vs. 6.97 Mg ha -1 ). S Rotated soybean plots receiving no N application with chisel plow and no-till lost 35 and 24 kg-N ha -1 in 1990-1992 and lost 13 and 20 kg-N ha -1 in 1993-1998 to tile water, respectively. Leaching loss of NO 3 -N from soybean plots in 2001-2005 for UAN and fall manure with chisel plow were 10.6 and 17.1 kg-N ha -1 , respectively, and spring manure with no-till lost 16.4Ăkg-N ha -1 , which shows the effect of slow release of N from the organic N pool. These results suggest that higher N application rates coupled with dry years result in higher buildup of N pools as a result of mineralization processes and are more likely to increase tile water NO 3 -N concentrations. Higher N application rates to corn in the preceding year increased tile water NO 3 -N concentrations for the following soybean years that received no N application. Therefore, proper N credit needs to be given to soybean as well as to the effects of a preceding dry year to minimize the offsite transport of NO 3 -N leaching losses and reduce NO 3 -N concentrations in tile water.
